The authors present the observation of wide transmission dips in a microring channel drop filter by two-dimensional finite-difference time-domain simulation. The authors show that distributed mode coupling between the input waveguide and the resonator results in the oscillations of the coupling efficiency and the envelope of transmission spectra with wavelength. The critical coupling as the light just passing through the coupling region is important for optimizing related devices. If the width of the input waveguide is different from that of the ring resonator, the phenomenon can be greatly reduced.
By modifying the resonator wavelength, a light modulator was realized in a ring resonator coupled to a single waveguide. 7 Furthermore, microring coupled-resonator optical waveguides have been used to realize group delay, 8, 9 where the group velocity is directly related to the coupling coefficient. The coupling efficiency plays a critical effect on the transmission characteristics for the devices based on light tunneling at microresonators. The coupling coefficient between straight waveguide and microring was calculated by finite-difference time domain ͑FDTD͒ in the weak coupling case. 10 It was concluded that the coupling coefficient increases with the increase of the wavelength. For microring channel drop filters, convenient rules of thumb are the coupling loss should be larger than the internal resonator loss. So the channel drop filter based on racetrack resonator was proposed to enhance the coupling efficiency. 11, 12 However, the critical effect of distributed coupling over certain coupling length until now has not been recognized in the microring channel drop filters.
In this letter, we determine the general characteristics of coupling coefficient and its influence on the on-resonance extinction in dropped power of microring channel drop filters. We begin by estimating the transmission characteristics for a channel drop filter by coupled mode theory with the coupling coefficient as a function of wavelength. Then we simulate the transmission characteristics for racetrack channel drop filters by two-dimensional ͑2D͒ FDTD technique 13 and demonstrate that the variations of transmission spectra are in good agreement with that of the coupling coefficient. Finally, we demonstrate the coupling efficiency for microring channel drop filters.
Assuming N traveling wave modes in a resonator with frequency i ͑i =1-N͒ coupled with input wave S in for a channel drop filter, as shown in Fig. 1 , we can obtain the outgoing waves at the through port based on the coupled mode analysis at steady state,
where a i is the amplitude of the mode i with the mode energy equals to squared amplitude, and 1 / io , 1/ ie , and 1 / ie Ј are the decay rates due to internal resonator loss, and coupling losses to input and output waveguides, respectively. k i is the input coupling coefficient between the resonant mode a i and the input wave S in , which satisfies
where i is the respective phase. The transmission spectra at the through port of the channel drop filter can be represented as T = ͉S t / S in ͉ 2 . Taking the coupling loss rate oscillating with the frequency as
with the frequency in terahertz, we calculate the transmission spectra T at 1 / io = 0.01 THz, 1 / ie Ј =1/ ie , and i =2 ϫ ͑100, 103, . . . , 298͒ THz, and plot the results in Fig. 2 with the parameter C = 1 THz. In the strong coupling region around a wavelength of 1.5 m, the drop spectra Ϸ1−T at the drop port at each resonance wavelength become wide due to the big coupling loss. So the mode cross-talking is large, the extinction ratio greatly reduces, and a wide dip forms in the spectra of T around the peak of the coupling coefficient. In addition, the coupling coefficient is zero at the mode wavelength of 1.7131 m, and corresponding dropped power disappears, i.e., T approaches 1 on the resonance. To verify the phenomenon predicted by the coupled mode theory, we simulate wave tunneling for the transversemagnetic-like mode, whose electric field vector is perpendicular to the plane, in a racetrack channel drop filter, as shown in Fig. 1 . In the 2D FDTD simulation, the spatial cell size is 10 nm, and the time step ⌬t is Courant limit. A Gaussian modulated cosine impulse covering a wide frequency band is used as the input wave, and the "bootstrapping" technique is used to set the exciting source. 13 The perfectly matched layer ͑PML͒ absorbing boundary 14 is used to terminate the FDTD computing window, with the PML thickness of 1 and 0.5 m in the x and y directions, respectively. The Padé approximation is used to transfer the time series of field obtained by FDTD simulation to frequency domain. 15 Firstly, we consider a racetrack channel drop filter with the refraction index of the resonator and the input and output waveguides n = 3.2, the widths of the resonator and the waveguides W r = 0.2 m and W g = 0.2 m, the radius of the ring R =2 m, the length of the straight waveguide of the racetrack L = 3.5 m, and the gap g = 0.2 m. The transmission spectra in the through port obtained by the Padé approximation from the 50 000⌬t FDTD output are plotted as the solid line in Fig. 3͑a͒ . The dashed line is the transmission spectra obtained from FDTD output before the wave propagates over a single cycle in the racetrack resonator. It should be noted that a large value of the dashed lines in Fig. 3 corresponds to a small coupling coefficient. A large dip around 1.55 m similar to that in Fig. 2 is observed, where the extinction ratio defined as the ratio of the drop power on resonance to the corresponding off-resonance power is only 0.4 dB. The strong coupling loss widens the resonance peaks, increases the cross-talking, and results in a large dip. In fact, greatly reduced transmission values at off-resonance wavelengths were observed in the fabricated microring and racetrack channel drop filters. 4, 12 For a racetrack channel drop filter with unsymmetrical coupling regions as W g = 0.24 m, we can avoid the strong coupling and the large cross-talking and have very small dips, as shown in Fig. 3͑b͒ . The extinction ratio around 1.55 m is 14.7 dB, which is much larger than that in Fig. 3͑a͒ . Furthermore, the coupling coefficient is near zero and T approaches 1 at the resonance wavelength of 2.071 m. The near zero drop power on the resonance due to the zero coupling coefficient should be avoided in designing the resonator filter. However, maybe we can design a light modulator by tuning the critical coupling coefficient instead of the resonance wavelength in Ref. 7 . In  Fig. 3͑c͒ , we plot the transmission spectra at through port for a racetrack channel drop filter with L =8 m and W r = W g = 0.2 m, where two wide dips appear due to the oscillation of the coupling coefficient. The transmission spectra between 1.25 and 1.29 m are below 5% due to the large coupling coefficient. Based on coupled mode theory, 16 we calculate the propagation of symmetric and antisymmetric modes in a composite waveguide consisted of two straight waveguides with the same width and gap as in Fig. 3 . The total energy exchange between the straight waveguides occurs at wavelengths of 1320 and 1990 nm as the waveguide length is 8 m. But the two dips in Fig. 3͑c͒ are at 1272 and 1844 nm, because the mode coupling also occurs between the input waveguide and the ring parts of the racetrack resonator. As the waveguide length is 3.5 m, the coupled mode theory predicts the total energy exchange only at 1755 nm in the wavelength range of 1 -2 m, which corresponds to one dip at 1556 nm in Fig. 3͑a͒ .
Then, we show that the effect of distributed coupling also exists in the microring channel drop filters without the straight waveguide, i.e., L = 0. The transmission spectra of the through port obtained by FDTD simulation before the waves transmit one circle in the ring resonator are plotted in Fig. 4 at R = 10, 6, and 4 m, and the other parameters are the same as that of Fig. 3 . Comparing with Fig. 3͑a͒ , we find that the strong coupling phenomenon still exists in the microring filters as the width of the microring is the same as that of the input waveguide. Furthermore, the coupling efficiency can be greatly suppressed if the coupled waveguides have different widths as discussed for the racetrack filters at W g = 0.24 m. In conclusion, we have presented the oscillation of coupling efficiency with wavelength due to the distributed coupling, which can cause a wide dip in the transmission spectra of the through port in microring channel drop filters and zero drop power at the resonance wavelength if the corresponding coupling coefficient is just zero. The results show that the distributed coupling is a critical factor in optimizing microring channel drop filters. 
